Antibiotics have either bactericidal or bacteriostatic activity. However, they also induce considerable gene expression in bacteria when used at subinhibitory concentrations (below the MIC). We found that lincomycin, which inhibits protein synthesis by binding to the ribosomes of Gram-positive bacteria, was effective for inducing the expression of genes involved in secondary metabolism in Streptomyces strains when added to medium at subinhibitory concentrations. In Streptomyces coelicolor A3(2), lincomycin at 1/10 of its MIC markedly increased the expression of the pathway-specific regulatory gene actII-ORF4 in the bluepigmented antibiotic actinorhodin (ACT) biosynthetic gene cluster, which resulted in ACT overproduction. Intriguingly, S. lividans 1326 grown in the presence of lincomycin at a subinhibitory concentration (1/12 or 1/3 of its MIC) produced abundant antibacterial compounds that were not detected in cells grown in lincomycin-free medium. Bioassay and mass spectrometry analysis revealed that some antibacterial compounds were novel congeners of calcium-dependent antibiotics. Our results indicate that lincomycin at subinhibitory concentrations potentiates the production of secondary metabolites in Streptomyces strains and suggest that activating these strains by utilizing the dose-response effects of lincomycin could be used to effectively induce the production of cryptic secondary metabolites. In addition to these findings, we also report that lincomycin used at concentrations for markedly increased ACT production resulted in alteration of the cytoplasmic protein (F o F 1 ATP synthase ␣ and ␤ subunits, etc.) profile and increased intracellular ATP levels. A fundamental mechanism for these unique phenomena is also discussed.
S treptomyces is the largest genus of Gram-positive filamentous actinomycetes, and members of this genus produce abundant amounts of numerous bioactive metabolites, including antitumor agents, immunosuppressants, and antibiotics in particular (1, 2) . Whole-genome sequencing studies of Streptomyces strains have shown that each species could produce many more secondary metabolites than were expected. For example, Streptomyces coelicolor A3(2), S. avermitilis MA-4680, and S. griseus IFO 13350 each produce several secondary metabolites, although they have more than 20 gene clusters that can encode a number of known or predicted biosynthetic pathways for secondary metabolites (3) (4) (5) . This indicates that the vast majority of secondary metabolites remain unexpressed or barely expressed under standard laboratory conditions. Thus, there is considerable interest in exploring practical means to induce this genetic potential in streptomycetes, which could result in the isolation of novel bioactive secondary metabolites.
Recent developments in new methodologies, including physiological and genetic engineering approaches, have opened the door for the discovery of novel secondary metabolites by activating cryptic biosynthetic pathways in streptomycetes (6) (7) (8) (9) (10) (11) (12) (13) . The improvements and modifications of culture conditions, such as the one strain-many compounds approach (which changes fermentation conditions like medium compositions and culture vessel types), coculture (bacterial-bacterial or fungal-bacterial physical interactions), and utilizing inducing molecules (siderophores, ␥-butyrolactones, N-acetylglucosamine, rare earth elements, antibiotic-remodeling compounds, and antibiotics), are simple, effective methods of inducing cryptic gene cluster expression and increasing the production of secondary metabolites (14) (15) (16) (17) (18) (19) .
Molecular genetic manipulation, including directed mutagenesis, expression of antibiotic activators, and heterologous expression, is also an efficient approach for activating target gene clusters and improving the yields of secondary metabolites (20, 21) . In particular, altering the expression of transcription factors that control biosynthetic pathways and amplifying biosynthetic gene clusters have resulted in the dramatically increased production of secondary metabolites and the isolation of novel compounds and their congeners (22) (23) (24) .
We have alternatively developed a novel method for activating poorly expressed Streptomyces genes to produce antibiotics via a mutation that confers resistance to drugs by targeting RNA polymerase or ribosomes, such as rifampin, streptomycin, gentamicin, and erythromycin (25) (26) (27) (28) (29) . This method, a so-called ribosome engineering approach, led to the discovery of a novel antibiotic, piperidamycin, produced by Streptomyces sp. strain 631689, which rarely produced antibiotics in any culture medium without strain improvement (30) (31) (32) . Using antibiotic-overproducing mutants that harbored mutations in RNA polymerase and/or ribosomes, we previously demonstrated the importance of altering the promoter selectivity of RNA polymerase and maintaining a high level of protein synthesis during the late growth phase for inducing antibiotic production. Although the detailed mechanisms have not been fully elucidated, the important finding was that modulating the transcriptional or translational apparatus or both (i.e., RNA polymerase and ribosomes) could dramatically alter gene expression in Streptomyces strains, which reflected their potential to produce novel secondary metabolites (29, 33) .
On the basis of the rational approaches described above, we sought more effective methods of developing cryptic gene clusters for secondary metabolic pathways in Streptomyces strains. We found that secondary metabolite production could be dramatically potentiated by using a ribosome-targeting antibiotic at concentrations below its MIC. This appeared to agree with the concept of antibiotic hormesis, for which antibiotics at subinhibitory concentrations have pleiotropic effects on bacterial gene expression, as previously reported by Davies et al. (34, 35) . Thus, in the present study, we used genetically best-characterized strains of Streptomyces, primarily S. coelicolor A3(2) and its close relative S. lividans 66, and conducted a detailed investigation of the doseresponse effects of the ribosome-targeting antibiotic lincomycin on secondary metabolite production. We also investigated the possibility that approaches that utilize the hormetic effects of ribosome-targeting antibiotics could be used effectively to improve the yields of cryptic secondary metabolites. Additionally, as a first step toward understanding the mechanisms by which lincomycin induces the production of secondary metabolites, we attempted to identify those proteins that may have been involved in the marked differences between cells grown with or without lincomycin. Studies by Shibl (36) and Herbert et al. (37) have demonstrated effects of subinhibitory lincosamide antibiotics on virulence, adherence, and toxin production, etc. in Staphylococcus aureus. These previous studies showed lincosamide antibiotics at subinhibitory concentrations to have very little effect on cytoplasmic protein profiles. In contrast, the present study clearly demonstrated that the levels of several cytoplasmic proteins (F o F 1 ATP synthase ␣ and ␤ subunits, proteins involved in antibiotic biosynthesis, etc.) were considerably different between the S. coelicolor A3(2) cells that were grown with or without lincomycin. A fundamental mechanism for these unique phenomena raised by lincomycin is discussed on the basis of the results of the present work.
MATERIALS AND METHODS
Chemicals. Chloramphenicol, erythromycin, streptomycin, and tetracycline were purchased from Nacalai Tesque, Inc. (Japan). Clindamycin, gentamicin, lincomycin, and tylosin were purchased from Wako Pure Chemicals (Japan). Thiostrepton was purchased from Sigma-Aldrich.
Bacterial strains and growth conditions. The actinomycete strains used in this study are shown in Table 1 . Spores of these strains were prepared from cultures grown at 30°C for 7 days on GYM agar (27) . Modified R5 (MR5) medium (both agar and liquid medium) (38) was used for phenotypic characterizations of S. coelicolor A3(2) and S. lividans strains. MR5 liquid medium was also used to grow cells to prepare total RNA and proteins. Typically, agar and liquid cultures were as follows. For agar culture, approximately 1 ϫ 10 5 to 5 ϫ 10 5 spores were inoculated onto MR5 agar (25 ml per culture plate [90 mm in diameter by 15 mm deep]) and incubated at 30°C. For liquid culture, approximately 1 ϫ 10 6 spores were inoculated into 20 ml of MR5 liquid medium in a 100-ml Erlenmeyer flask and incubated at 30°C with shaking at 200 rpm. SPY (39) liquid medium was used for streptomycin production by S. griseus IFO 13189. As required, media were supplemented with appropriate drug concentrations.
MIC determinations. To determine the MICs of drugs for S. coelicolor A3(2), S. lividans, and S. griseus, their spores were directly inoculated onto or into media that contained different concentrations of a particular drug and incubated at 30°C. The minimum drug concentration that nearly completely inhibited growth was defined as the MIC.
Dry cell weights. A culture broth was filtered through filter paper or a membrane filter under vacuum and washed two times with reverse osmosis water to remove any residual medium remaining on the cell surfaces. The remaining cells were then dried to a constant weight in an oven at 55°C (for filter paper) or at room temperature (for a membrane filter) for 2 days. Dry cell weights were determined by subtracting the weight of the filter paper (membrane filter) from the weight of the filter paper (membrane filter) plus the cells.
Antibiotic assays. Actinorhodin (ACT) production on MR5 agar was directly assessed by blue color intensity. The production of ACT and undecylprodigiosin (RED) in liquid culture with MR5 medium was determined as described previously (2, 25) . A bioassay to detect antibacterial compound produced by S. lividans was performed as follows. Strain 1326 was grown on MR5 agar. At the times indicated, agar plugs (diameter, 8 mm) were cut from agar plates and transferred to an assay plate prepared with 2-fold-diluted Mueller-Hinton agar (20 ml per no. 2 square plate) that contained cells (1 ϫ 10 7 CFU) of the lincomycin-resistant mutant of Bacillus subtilis ATCC 6633 used as a test organism. To assess the zone of inhibition of antibacterial compounds in these agar plugs, the assay plates were incubated at 37°C for an additional 24 h. Streptomycin production in liquid SPY medium was determined as described previously (39) .
HPLC analysis of culture extracts. Samples used to assess the highperformance liquid chromatography (HPLC) profiles of S. lividans culture extracts were prepared as follows. Strain 1326 was grown for 7 days on MR5 agar covered with a cellophane sheet. Next, agar without cells was extracted with 25 ml of methanol by gentle agitation for 10 h. The crude extract was dried in a rotary evaporator and lyophilized. The resulting sample was dissolved in 25 ml of ultrapure water and separated into organic (ethyl acetate) and aqueous phases. The aqueous phase was lyophilized, dissolved in 5 ml of 50% aqueous methanol, and filtered through a FILTSTAR syringe filter (hydrophilic nylon, 0.22-m pore size; Starlab Science Co. Ltd., China). Aliquots (20 l) of each sample were subjected to HPLC with an InertSustain C 18 reverse-phase column (4.6 by 250 mm, 5-m particle size; GL Science Inc., Japan) and eluted at a flow rate of 1 ml/min. The HPLC apparatus included a Shimadzu Prominence HPLC system equipped with an SPD-M20A diode array detector (SHIMADZU Co. Ltd., Japan). The solvent and conditions used were 0 to 5 min of 30% acetonitrile (ACN) that contained 0.01% formic acid (FA) and 5 to 30 min of a linear gradient of 30 to 80% ACN that contained 0.01% FA. Multiplewavelength monitoring was performed at 190 to 800 nm. Isolation and analysis of antibacterial compounds. To isolate any antibacterial compounds produced by S. lividans, strain 1326 was inoculated onto MR5 agar (20 plates) that contained 20 g/ml of lincomycin and covered with cellophane sheets. After incubation for 7 days, cells on a cellophane sheet were removed and the agar was combined. A culture extract was prepared as described above, except that a Millex-HP syringedriven filter unit (0.45 m; Millipore) was used, and further purified by semipreparative HPLC with an InertSustain C 18 reverse-phase column (10 by 250 mm, 5-m particle size; GL Science Inc., Japan). Antibacterial compounds that were eluted by a gradient elution (flow rate, 4 ml/min) of 30 to 60% ACN that contained 0.01% FA were collected and dried in a rotary evaporator and lyophilized. Purified antibacterial compounds were analyzed by electrospray ionization time of flight mass spectrometry (ESI-TOF-MS). ESI-MS was performed with a Micromass LCT-Premier XE instrument (Waters). Mass data were acquired in the negative-ion mode with a scan range of 100 to 2,500 Da. The electrospray capillary voltage was 2.2 kV, and the cone voltage was 80 V. The source temperature was maintained at 100°C. Mass measurements were made at a resolution of 10,000 resolving power (RP).
Transcription analysis. Total RNA was isolated from cells (approximately 50 mg wet weight) grown in MR5 liquid medium or on an MR5 agar plate with Sepasol-RNA I super G (Nacalai Tesque, Inc., Japan). After treatment with RNase-free Recombinant DNase I (TaKaRa Bio. Inc., Japan), each sample was further purified with a High Pure RNA isolation kit (Roche). Total RNA (2 g) was used as the template for a reverse transcription (RT) reaction (20 l) at 55°C for 30 min with a Transcriptor First Strand cDNA synthesis kit (Roche). Real-time quantitative RT-PCR (qRT-PCR) analysis for actII-ORF4, redD, SLI3570, atpA, and atpD gene expression was performed as described previously (40) . The results of these assays were normalized relative to the corresponding transcriptional level of hrdB, the gene that encodes the principal sigma factor. For the primers used for real-time qPCR, see Table S1 in the supplemental material.
Protein gel electrophoresis and Western blot analysis. Total cell proteins for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis were prepared as follows. Cells (approximately 50 to 350 mg [wet weight]) of S. coelicolor A3(2) grown in MR5 liquid medium were suspended in 1 ml of TMA-I buffer (10 mM Tris-HCl [pH 7.7], 30 mM NH 4 acetate [OAc], 10 mM MgOAc 2 , 1 mM dithiothreitol, 10% [vol/vol] glycerol) that contained 1 mM phenylmethylsulfonyl fluoride and disrupted by homogenizing with 2 g of zirconia balls (0.5 mm). After centrifugation at 15,000 ϫ g for 10 min at 4°C, the supernatant was dialyzed twice for 3 h against more than 50 volumes of TMA-I buffer and used as a total cell protein sample. Samples (5 g) of total cellular protein were subjected to 12% (wt/vol) SDS-PAGE, after which the separated proteins was electroblotted onto a polyvinylidene difluoride membrane (Immobilon-P; Millipore). Blots were developed with polyclonal antibodies and an ECL Select Western blotting detection system (GE Healthcare) for chemiluminescence detection according to the manufacturer's instructions. Polyclonal antibodies against ActII-ORF4 was prepared from rabbits by immunizing them with a synthetic oligopeptide [211-MGRRAEALESYRNL-224, numbers represent amino acid residues in S. coelicolor A3 (2)]. These were used as the primary antibody at a dilution of 1:5,000.
Protein identification. Total cellular proteins that had been separated by SDS-PAGE were stained with CBB Stain One (Nacalai Tesque, Inc., Japan). The protein bands of interest were cut out and subjected to peptide mass fingerprinting analysis. Mascot software (Matrix Science) was used to analyze mass data and identify proteins.
Measurements of intracellular nucleotide pools. Intracellular nucleotides, including ATP, GTP, UTP, and CTP, were extracted with 1 M FA from cells that had been grown in MR5 liquid medium and assayed with a Shimadzu Prominence HPLC system equipped with a Partisil-10 SAX ion-exchange column (4.6 by 250 mm, 5-m particle size; Hichrom Co., United Kingdom) as described previously (39) . Nucleotide concentrations were expressed in nanomoles per milligram of dry cell weight.
RESULTS
Lincomycin inducing effects on antibiotic production. To assess the effects of subinhibitory concentrations of the ribosome-targeting antibiotics (clindamycin, chloramphenicol, erythromycin, gentamicin, lincomycin, streptomycin, tetracycline, thiostrepton, and tylosin) on ACT production by S. coelicolor A3(2) and S. lividans, we first determined the MICs of these drugs for each strain. The MICs of each antibiotic are shown in Table 2 . Except for gentamicin, lincomycin, and streptomycin, the MICs of these for S. lividans were similar to those for S. coelicolor A3(2). We then assessed each antibiotic's effectiveness at enhancing ACT production at concentrations ranging from 1/10,000 of the antibiotic's MIC to its MIC. The results obtained with the optimal concentration of each antibiotic are shown in Fig. 1A . It is clear that all of these antibiotics were more or less effective at enhancing ACT production by S. coelicolor A3(2). The effects of lincomycin, chloramphenicol, and tetracycline were especially pronounced, and lincomycin had the greatest effect. Clindamycin, an antibiotic of the lincosamide class, had no effect on ACT production by S. lividans. Figure 1B shows the dose-dependent effect of lincomycin on ACT production. In S. coelicolor A3(2), lincomycin effectively enhanced ACT production over a wide concentration range, with an optimal concentration of 5 g/ml (1/16 of its MIC). In S. livi- dans, lincomycin was effective only at certain concentrations. It markedly enhanced ACT production when added at 5 and 20 g/ ml; however, at 10 g/ml, lincomycin had only a negligible effect. These results were reproducible in independent experiments. In this context, the lincomycin-resistant mutant SLE299, which we previously isolated from S. lividans 1326 as a spontaneous erythromycin-resistant mutant with a mutation in the 23S rRNA gene (25) ( Table 1) , also produced abundant ACT when grown on an MR5 agar plate with lincomycin at much higher concentrations than its parental strain did (see Fig. S1 in the supplemental material). This suggests that lincomycin may have positively affected ACT production by the wild-type strain and a lincomycin-resis-tant mutant of S. lividans in exactly the same manner, i.e., by targeting the 50S ribosomal subunit. We then examined the effects of lincomycin in liquid culture. ACT production by S. coelicolor A3(2) increased with high doses of lincomycin ranging from 0.5 to 10 g/ml, which corresponded to 1/200 and 1/10 of its MIC (Fig. 2 ). Lincomycin also effectively increased the production of RED over a wide concentration range, although its inducing effect was not pronounced. Although adding lincomycin to culture resulted in a delay in the initiation of growth and slow growth (Fig. 3A) , the biomass dry weight after culture for 10 days tended to increase under growth conditions that induced enhanced ACT production ( Fig. 2 ), suggesting that lincomycin at concentrations below its MIC could induce growth at the late growth phases. In this regard, although the amount of lincomycin added to the medium was rather small (10 g/ml), lincomycin was still detected by HPLC in the medium even after 6 days of culture (data not shown).
Induction of other antibacterial compounds by lincomycin. We next determined whether lincomycin enhanced the production of both ACT and other secondary metabolites in S. lividans. Figure 4A shows the antibacterial activity of S. lividans with an agar plug agar diffusion assay with a lincomycin-resistant mutant of B. subtilis ATCC 6633. S. lividans produced abundant amount of antibacterial compounds when grown on MR5 agar plates supplemented with lincomycin at certain concentrations, 5 or 20 g/ ml, which also resulted in considerable ACT production ( Fig. 1B) . Antibacterial activity was clearly detectable from among the methanol-extractable metabolites when using a paper disk agar diffusion assay (data not shown).
To identify the antibacterial compounds that were produced, we compared the metabolic profiles of methanol-extractable me-tabolites that were prepared from cultures with or without lincomycin by HPLC with multiple-wavelength monitoring. Several peaks (indicated by arrows in Fig. 4B ) were detected only in the fraction that was prepared from a culture that included lincomycin. These peaks were missing from or barely detectable in the fraction that was prepared from a culture that did not include lincomycin. At least two peaks, indicated by arrows 1 and 2, had antibacterial activity (inset in Fig. 4B ), and this antibacterial activity was clearly detected only in the presence of calcium nitrate. Antibacterial compounds 1 and 2 were isolated and subjected to structural analyses by mass spectrometry. ESI-TOF-MS analysis results showed that the molecular masses of antibacterial compounds 1 and 2 were 1,518 and 1,532 Da, respectively (see Fig. S2 in the supplemental material). These results indicate that antibacterial compounds 1 and 2, produced by S. lividans when grown on MR5 agar plates with lincomycin, were novel congeners of a known calcium-dependent antibiotic (CDA; molecular mass, 1,464.5 to 1,562.5 Da) (2, 41) , which suggests that the potential of S. lividans to produce secondary metabolites was dramatically induced by exposure to lincomycin at subinhibitory concentrations.
Effects of lincomycin on expression of antibiotic-biosynthetic gene clusters.
ActII-ORF4 protein is a product of the actII-ORF4 gene that is a DNA-binding protein that positively regulates the transcription of ACT biosynthetic genes in S. coelicolor A3(2) (42) . We investigated the expression pattern of the actII-ORF4 gene by real-time qRT-PCR and Western blotting of S. coelicolor A3(2) cells that were grown with the optimal lincomycin concentration (10 g/ml) for enhancing ACT production. Analyzing cells that were harvested at different growth phases (mid-exponential, transition, early stationary, and late stationary phases designated by arrows E, T, S1, and S2, respectively, in the upper part of Fig. 3A ) demonstrated that lincomycin caused a marked increase in ActII-ORF4 mRNA and protein levels ( Fig. 3B and C) . In this context, the ActVA-ORF4 protein (involved in ACT biosynthesis) was overexpressed in cells that were grown with lincomycin to the late growth phase (protein band 6 in Fig. 5A; see below) . The expression of redD, a pathway-specific regulatory gene for RED biosynthesis, was also increased to some extent by lincomycin ( Fig. 3B) , which accounted for a slight increase in RED production ( Fig. 2) .
We also analyzed the expression of another gene, SLI3570, which encodes an enzyme involved in CDA biosynthesis. S. lividans cells that were grown with an optimal concentration of lincomycin (20 g/ml) were subjected to real-time qRT-PCR analysis. As expected, lincomycin caused a remarkable increase in SLI3570 gene expression at the transcriptional level ( Fig. 4C) , which accounted for a burst in CDA production (Fig. 4B) .
Lincomycin treatment alters the cytoplasmic protein profiles. As a first step toward understanding the mechanisms by which lincomycin induces the production of secondary metabolites, we attempted to identify proteins that may have been involved in the marked differences between cells grown with or without lincomycin. S. coelicolor A3(2) was grown to the midexponential (E) and late stationary (S2 and S3) phases. After the extraction of total cellular proteins, these samples were analyzed by SDS-PAGE. The differences between the protein band patterns of samples prepared from cells with or without lincomycin were particularly pronounced for cells grown to the stationary phase ( Fig. 5A ). Several proteins (indicated by arrows 1 to 6) were considerably different in staining intensity for cells that were grown with or without lincomycin. In Fig. 5A, arrows 2, 3 , and 6 indicate proteins that were abundant in cells grown with lincomycin but minimally expressed in cells grown without lincomycin, and arrows 1, 4, and 5 indicate the opposite results. Peptide mass fingerprinting analysis revealed that these protein bands were aconitate hydratase (band 1), elongation factor G (band 2), chaperonin GroEL (band 3), the F o F 1 ATP synthase ␣ subunit (band 4), the F o F 1 ATP synthase ␤ subunit (band 5), and ActVA-ORF4 (band 6). These proteins may provide important clues to solve the mechanism by which lincomycin caused increased antibiotic production.
Lincomycin treatment increases intracellular ATP levels. The F o F 1 ATP synthase ␣ and ␤ subunits are encoded by the atpA and atpD genes, respectively. We also found that the mRNA levels of the F o F 1 ATP synthase ␣ and ␤ subunits in cells grown without lincomycin were higher than those in cells grown with lincomycin by 2.1-and 1.9-fold (mid-exponential phase), 1.8-and 1.9-fold (transition phase), and 1.2-and 1.2-fold (stationary phase, S1), respectively (Fig. 5B) . These results clearly indicated that lincomycin treatment resulted in reduced levels of expression of the F o F 1 ATP synthase ␣ and ␤ subunits at both the mRNA and protein levels.
F o F 1 ATP synthase is a multisubunit integral membrane protein that is responsible for the majority of cellular ATP synthesis in all respiring organisms (43) (44) (45) (46) . It consists of two distinct components; hydrophobic F o , which is embedded in the plasma mem-brane and acts as an ion translocator, and soluble F 1 , which extended into the cytoplasm and has catalytic activity for ATP synthesis and hydrolysis. On the basis of the results described above, we next investigated whether lincomycin had a significant effect on intracellular ATP levels. Despite the fact that lincomycin had a negative effect on the levels of expression of the F o F 1 ATP synthase ␣ and ␤ subunits, the intracellular ATP levels determined at any growth stage were 2-to 4-fold higher in cells that were grown with lincomycin than in cells grown without lincomycin (Fig. 5C ). The levels of other nucleoside triphosphates (GTP, UTP, and CTP) were also markedly increased, possibly because of enhanced synthesis of these nucleotides resulting from the elevated ATP levels, because of certain suppression of RNA synthesis, or both.
Versatility and applicability of the induction approach using low dose antibiotics. We confirmed that lincomycin at subinhibitory concentrations also effectively enhances streptomycin production by S. griseus, reaching a 2.3-fold increase (Fig. 6 ). In this context, verifying whether an approach using low-dose antibiotics could be a versatile, applicable means to induce different actinomycete strains to produce secondary metabolites is one of the critical challenges for the future. Our results strongly suggest that the antibiotic lincomycin could induce secondary metabolism in actinomycetes. Likewise, production of the blue-pigmented antibiotic ACT by S. coelicolor A3(2) was enhanced in the vicinity of S. griseus or Saccharopolyspora erythraea, which produce streptomy-FIG 3 S. coelicolor A3(2) growth, ACT production, and expression of the pathway-specific regulatory genes in the ACT and RED biosynthetic gene clusters with and without lincomycin. (A) Growth and ACT production in liquid medium. Strain 1147 was inoculated into MR5 liquid medium with or without lincomycin (10 g/ml) and then incubated at 30°C on a rotary shaker. Growth was monitored by measuring dry cell weight. Biomass results at the end of the culture period (240 h) were as follows: without lincomycin, 2.23 mg of dry cell wt/ml; with lincomycin, 2.37 mg of dry cell wt/ml. At the times indicated by arrows, E (mid-exponential phase), T (transition phase), S1 (16 h after T, early stationary phase), S2 (96 h after T, late stationary phase), and S3 (144 h after T, late stationary phase), cells were harvested to prepare total RNA and total soluble cellular proteins. ACT production was determined as described above. (B) Transcriptional analysis of actII-ORF4 and redD by real-time qRT-PCR. RNA was extracted from cells that had grown to the growth phases indicated. Total RNA preparation and real-time qRT-PCR were performed as described in Materials and Methods. Maximum expression levels were compared after setting the maximum expression level of a control (the exponential phase without lincomycin) to 1. (C) Western blot analysis for ActII-ORF4 expression. Protein samples were prepared from cells that had grown to the growth phases indicated. Western blot analysis was performed as described in Materials and Methods. Each lane was loaded with 5 g of total soluble cellular proteins. cin and erythromycin, respectively (Fig. 7) . This indicates that the antibiotics streptomycin and erythromycin could surely induce ACT biosynthesis in S. coelicolor A3(2). Culturing of two different actinomycete strains on an agar, such as the result shown in Fig. 7 , may be ideal so as not to miss a biphasic dose-response phenomenon of an antibiotic, i.e., those molecules that are antibacterial and inducing.
DISCUSSION
Hormesis is a biphasic dose-response phenomenon that is characterized by low-dose induction and high-dose inhibition (47) . It has been reported that certain antibiotics exhibit hormesis, such as antibiotics that have bactericidal or bacteriostatic activity but induce considerable gene expression in bacteria at concentrations below their MIC (34, 35) . Many studies of antibiotics at subinhibitory concentrations have investigated their effects, such as on transcription and as translation inhibitors on bacterial physiology and gene expression. In Escherichia coli, kasugamycin and puromycin, which are protein synthesis inhibitors that target ribosome subunit association and peptidyl-transferase activity, have been shown to increase the expression of ribosome proteins and mR-NAs involved in the translational machinery. In addition, mupirocin, which targets isoleucyl-tRNA synthetase activity, has been shown to cause changes reminiscent of a stringent response (48) . The protein synthesis inhibitors chloramphenicol and erythromycin alter the expression of genes involved in amino acid metabolism in B. subtilis 168 (49) . In streptomycetes, the polyether antibiotics promomycin and monensin have been shown to induce antibiotic production by Streptomyces strains (50, 51) . Rifampin, an RNA polymerase inhibitor, and oligomycin A, a mitochondrial ATP synthase inhibitor, cause changes in antibiotic (ACT or RED) production and aerial hyphal development in S. coelicolor (17) .
In this report, we have provided experimental evidence that secondary metabolite production by S. coelicolor A3(2) and S. lividans was profoundly induced by exposure to ribosome-targeting antibiotics at concentrations below its MIC and the effect of lincomycin was particularly pronounced. In S. coelicolor A3(2), lincomycin at 1/10 of its MIC resulted in a marked increase in the expression of the pathway-specific regulatory gene actII-ORF4, which accounted for ACT overproduction. S. lividans grown in the presence of lincomycin at a subinhibitory concentration (1/12 or 1/3 of its MIC) produced abundant antibacterial compounds, including novel congeners of CDA, which were barely produced without lincomycin. These results indicate that lincomycin at concentrations below its MIC had a significant effect for inducing Streptomyces strains to produce secondary metabolites and suggest that an approach based on the dose-response effects of antibiotics would facilitate studying secondary metabolite production by streptomycetes and the discovery of new bioactive compounds.
Our next goal is to understand the mechanism by which lincomycin induces secondary metabolite production by Streptomyces strains. We previously showed that ribosome mutations and modifications altered gene expression in Streptomyces strains, which resulted in the overproduction of secondary metabolites (26, 30, 31) . Using secondary metabolite-overproducing ribosome mutants of S. coelicolor A3(2) and Streptomyces sp. strain 631689, we also demonstrated the importance of maintaining a high level of protein synthesis during the stationary phase for inducing secondary metabolite production (30, 33) . At concentrations higher than its MIC, lincomycin, a lincosamide antibiotic, inhibits protein CDA biosynthesis in S. lividans grown with lincomycin at subinhibitory concentrations. Strain 1326 was inoculated onto MR5 agar plates that contained different concentrations of lincomycin and then incubated at 30°C for 7 days. (A) Antibacterial compound production. Agar plugs were prepared from agar plates, transferred to an assay plate inoculated with a lincomycin-resistant mutant of B. subtilis ATCC 6633 as a test organism, and then incubated at 37°C for 24 h. (B) HPLC analysis of culture extracts. Samples were prepared and analyzed by HPLC as described in Materials and Methods. Eluate absorbance was monitored at 220 nm. Arrows indicate peaks that were barely detectable in samples prepared from an agar plate without lincomycin. The insert shows the antibacterial activities of peaks 1 and 2 against B. subtilis ATCC 6633 in the presence or absence of 12 mM calcium nitrate. (C) Transcriptional analysis of SLI3570 by real-time qRT-PCR. Cells were harvested to prepare total RNA at phase 1 (during substrate mycelia formation), phase 2 (just when RED production began), phase 3 (12 h after phase 2), and phase 4 (24 h after phase 2). Real-time qPCR was performed as described in Materials and Methods. coelicolor A3(2) grown with or without lincomycin. (A) SDS-PAGE analysis of total cellular proteins. Total cellular protein samples were prepared from cells grown to the indicated growth phases in MR5 medium without (Ϫ) or with (ϩ) lincomycin (10 g/ml). Each lane was loaded with 5 g of protein. Molecular mass markers (Sigma low-range molecular weight markers) are shown at the left. Arrows 2, 3, and 6 indicate proteins that were abundant in a sample prepared from cells grown with lincomycin but were minimal in samples prepared from cells grown without lincomycin, and arrows 1, 4, and 5 indicate the opposite conditions. Protein bands 1 to 6 were identified by peptide mass fingerprinting analysis. (B) Transcriptional analysis of atpA and atpD by real-time qRT-PCR. Cells were harvested to prepare total RNA as described in the legend to Fig. 3A . Real-time qRT-PCR was performed as described in Materials and Methods. (C) Intracellular nucleotide level changes. Strain 1147 was inoculated in MR5 liquid medium with or without lincomycin (10 g/ml) and then incubated at 30°C on a rotary shaker. At the growth phases indicated by arrows E, T, S1, and S2 in Fig. 3A , samples were prepared and analyzed by HPLC as described in Materials and Methods. All experiments were done in triplicate, and results are expressed as means Ϯ standard deviations. synthesis by binding to the ribosomes of Gram-positive bacteria. Thus, it is possible that as with ribosome mutations and modifications, ribosome properties and concomitant protein synthesis can be modified by lincomycin at subinhibitory concentrations because lincomycin targets ribosome components. In any event, it is highly likely that modifying the translational apparatus holds the key for inducing the production of secondary metabolites in streptomycetes.
Lincomycin altered the expression of F o F 1 ATP synthase and increased intracellular ATP levels. F o F 1 ATP synthase is a multisubunit integral membrane protein that is a key enzyme in cellular energy metabolism, as it synthesizes the majority of cellular ATP from ADP and inorganic phosphate in all living cells (43) (44) (45) . In S. coelicolor A3(2), lincomycin treatment resulted in markedly reduced expression of the ␣ and ␤ subunits in the F 1 part of F o F 1 ATP synthase, which catalyzes ATP synthesis/hydrolysis in the cytosol, concomitant with altering mRNA (at any growth stage) and protein (at late growth stages) levels ( Fig. 5A and B) . ATP is the major energy currency molecule in a cell that provides energy for enzymatic reactions and for various biological processes and is also a substrate for RNA synthesis. Therefore, it is understandable that the biomass dry weight (Fig. 2 ) and intracellular nucleotide pools (Fig. 5C ) of S. coelicolor A3(2) tended to increase in the presence of lincomycin, which caused increased intracellular ATP levels. In this regard, it is noteworthy that ATP and its derivatives S-adenosyl-L-methionine and cyclic AMP are the regulatory molecules in Streptomyces spp. (52) (53) (54) .
Although it is unclear whether there is a causal relationship between ACT overproduction and the observed high levels of ATP (Fig. 5C ), our present findings appear to contradict the previous concept that high intracellular ATP levels would reduce antibiotic production by Streptomyces spp. (53) . It is possible that high ATP levels enhanced the synthesis of S-adenosyl-L-methionine and/or cyclic AMP, ultimately resulting in ACT overproduction, because S-adenosyl-L-methionine and cyclic AMP are both known to be positive regulatory molecules during the initiation of microbial secondary metabolism (52, 54, 55) . Alternatively, the increased ATP and GTP levels may have induced protein synthesis, particularly at the late growth phases, ultimately resulting in initiation of secondary metabolism, because protein synthesis requires large amounts of GTP and ATP as energy sources. Although we did not analyze protein synthesis activity in the present work, this proposition is consistent with the fact that certain ribosome mutants retain a high level of protein synthesis activity even at the late growth phase, a key event for promoting the dramatic induction of secondary metabolism in ribosome mutants (30, 33) .
Besides techniques involved, our results may provide some clues for uncovering the "physiological" meaning (if any) of antibiotics in natural environments, including the possibility that antibiotics are signaling molecules for interspecific cell-to-cell communications, as a low concentration of each antibiotic could elicit pronounced effects ( Fig. 1 and 7) . Understanding the molecular mechanism by which lincomycin at concentrations below its MIC results in alteration of the cytoplasmic protein (F o F 1 ATP synthase, etc.) profile and the increased intracellular ATP levels may provide clues for clarifying the mechanism underlying the doseresponse effects of lincomycin on secondary metabolite production. However, several questions remain to be answered. (i) Why or how did lincomycin at subinhibitory concentrations alter the production of cytoplasmic proteins in S. coelicolor A3(2), despite the fact that in S. aureus there was no effect of subinhibitory lincosamide antibiotics on cytoplasmic protein production, as previously reported (36, 37) ? (ii) Why did cells treated with lincomy- 13189 was inoculated into SPY liquid medium that contained different concentrations of lincomycin and then incubated at 25°C with shaking for 4 days. Streptomycin production was determined as described in Materials and Methods.
cin show high levels of ATP despite the reduced levels of ATP synthase? (iii) Assuming that there is a causal relationship between antibiotic overproduction and increased ATP levels, why did these high intracellular ATP levels promote secondary metabolite production by Streptomyces spp.? (iv) Did the intracellular ATP concentration actually affect the levels of intracellular S-adenosyl-Lmethionine or cyclic AMP? (v) Did chloramphenicol and tetracycline also alter the cytoplasmic protein profile and increase intracellular ATP levels? RNA sequencing, an approach to transcriptome profiling, of a culture exposed to ribosome-targeting antibiotics may provide a clue to the answers to these questions. Although the mechanism of induction of secondary metabolite production in streptomycetes may be much more complex than it appears, our methods presented here are feasible and amenable to use with numerous bacterial species and for the overproduction and exploitation of novel secondary metabolites.
